NGL- 33-0/8-003
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A wide variety of sulfur compounds is known to participate inm

vinyl and related polymerization. Some of them function as initiators

or as a pari of an initiator system, some as modifiers, chain-terminat~-
ing agents or inhibitors, and some as monomers Or COMONOmMErS Or as

active solvents in the polymerization process. The object of the
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reports in this field in\particular. Description of the polymeriza- | .

tion and copolymerization of a host of sulfur-bearing monomers is be- |# e
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Peroxy-disulfate or persulfate ion, 8,05 is one of the widely &Hl2
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used initiators in aqueous emulsion polymerizatiom. It decomposes 709 WHO4 ALV
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unimolecularly >~ in aqueous media producing two sulfate ion radicals

Sézl The radical-forming reaction arises from the simple homolytic
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cleavage of the peroxy bond: ‘
T03S0————0803 + 2803

The sulfate ion radicals formed are efficient imitiators of polymeriza-~-

tion. When S35-labeled persulfate was used3’4

in the emulsion poly-
merization of styrene, essentially all the persulfate decomposed
appeared in the polymer as sulfate end-groups. In the absence of an

organic substrate, the sulfate ion radicals in aqueous solution are

believed to react further as follows:

s&y + H,0 > HSOY + OH; 20H + H,0 + %0,

Recent reportss}based on end-group analysis of aqueous persulfate.
initiated poly (methyl methacrylate) and polystyrene indicate that 4
both sulfate ion radicals and hydroxyl radicals take part in the initi-
ation process during polymerization in neutral media, and that the
sulfate ion radicals are the preferred initiating radicalsin alkaline
conditions, while initiation is almost exclusively by OH radicals in
strongly acidic media. It appears that in acidic conditions, the
anionic sulfate radicals rapidly react with the protonated water mole-

cules to from hydroxyl radicals:

. — -+ .
SO0y + H30 - H2S504 + 0OH

SenGupta and Palit6 studied the persulfate-initiated polymeriza-

tion of methyl methacrylate in ethylene glycol solution and observed



that in this system at 80%, the rate of polymerization (and also the
degree of polymerization) was much higher than that in a benzoyl per~
oxide-initiated system under similar conditionms. Okamura and Motom-
yama7, however, did not report such great differences in the rate and
degree of polymerization of methyl methacrylate and vinyl acetate in a
homogeneous system (using a dioxane-water or ;ﬁ%ic acid~water mixture
as solvent) using separately benzoyl peroxide, azobisisobutyronitrite
and ammonium persulfate as the initiator. Kiuochi and'Watanabe8 observ-
ed lower values ofkt/k.p2 (wher{it and kT)are the rate constants of
termination andipropagation respectively) in the persulfate-initiated
polymerization of aerylonitrife in dimethyl sulfoxide solution as com-
pared to that in azobisisobutyronitrife-initiated polymerization in
the same solvent. Thesé r:;bservaticn:xsﬁm8 have been interpreted, at
least iq part, in terms of a reduced rate of termination in the persul-
fate-initiated systems. This is due to mutual repulsion of the growing
chains caused by the presence of negatively charged end groups in them
arising from initiation by sulfate ion radicals.

While studying the persulfate-initiated polymerization of acry-

2 observed that the

‘lonitrile in dimethyl sulfoxide solution, Kitagawa
rate of polymerization was directly proportionad to the concentration

of the solvent. This was explained by considering the following reac-

tion between the persulfate ion and the sulfoxide molecule:

S,0g + 2(CH3~§,—CH3) + 2S0% + 2.((:}13-—;—0}1:.,)+



Sulfonyl peroxides have also been reported10 to decompose into
radicals at low temperatures. Bis—phenyl sulfonyl peroxide prepared
from benzene sulfonyl chloride and sodium peroxide (8-10% yield) has
been reported11 to polymerize methyl methacrylate easily at 25°% while
benzoyl peroxide fails to give any polymer under similar conditions.
The Sl11f0ﬂ}’1PerOXide,CGH5302§040mSQ2C5H5,decomposes into radicals
by scission of the 0-0 bond and in benzene solution in the absence of

any’ other substrates, the following veaction is believed to take place:

Cels
CgH5-509~0-0~505~CgHs =+ CgH5-S0,-0-CgHs + CgH5-S0,«0H

Diazothioether and sulfonyl azide compounds

Diazothioethers (R-N=N-S-R') are known12

to be useful initiators
and modifiers in emulsion polymerization., During their thermal decom-

position, an active aromatic radical R® and a less active mercapto

radical R'S are generated simultaneously:

B~N=N-S-R' - R* + N, + R'S

The activity of the diazothioethers as imitiators and retarders depends]‘3
on the substituents R and R'.

Another group of interesting polymerization initiators is the
sulfonyl azides. The use of benzene sulfonyl azide‘csﬁs.qgoz“NB in
radical reactions is known (radicals being generated by the uninmole-

cular decomposition of the sulfonyl azide molecules) and the initiation

of polymerization of methyl acrylate and acrylonitrile in presence of



this compound has been reported.14 The benzene sulfonimido diradical
is produced along with nitrogen during the decomposition of benzene

sulfonyl azide.
CgH5S0,N3 » CgHs-S0,-N. + N

Investigations on the decomposition of a number of p-substituted aryl
sulfonyl azides and polymerization of some vinyl monomers initiated by

these Bzides in the temperature range of 110-130°% have recently been

415,16

reporte . The sulfonyl azides easily initiate polymerization of

acrylonitrife, styrene and methyl methacrylaté at 30% under ultraviolet

radiationls. In the thermal polymerization of aerylonitrile, the rate

15 to be proportional to the 0.5 power

of polymerization has been shown
of the initial concentration of the aryl sulfonyl azides. The overall

activation energy for the decomposition of benzene sulfonyl azide has

been reported16 to be 36.4 koal/mole.

Organic Sulfoxy Compounds

Sulfdnic acids, RSOZH, which are organic acids of tetravalent
sulfur, are known for their tendency to decompose. The decomposition
reactions may be written as follows:

2 RSO,H > RSO3H + RSOH

sulfonic sulfenic

acid acid
RSOH + RSO0,H —+ RSO,SR + H,0
thio sulfonic
ester

2RS0H > RSH + RSO5H
Thiol

RSH + RS0OH -+ R.§<S-R + H,0
Disulfide
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Hagger first reported the use of sulfinic acids as excellent low-tem-

perature initiators for the emulsion and bulk polymerization of ethylenic
and vinyl monomers., Polymerization of methyl methacrylate starts in-
stantaneously with no iphibition period, even in presence of nermal sta-
bilizers. Hydroquinone enhances the catalytic action of the sulfanic

17,18 .
acids while quinone and oxygen act as an inhiltegtor and a retard-
er, respectively, during polymerizatioﬁ. Overberger and Godfrey19
investigated the sulfanic acid - initiated polymerization of methyl
methacrylate dilatometrically at 3000, using specially-purified mater-
ials and high-vacuum systems. They observed that the reaction order
with respect to the initiator concentration was between 1 and 1.5

1

instead of 0.5 as previously reported 7, showing that the order of init-
»iation was between 2 and 3. p;Toluene sulﬁggic acid, benzoyl peroxide
and di-n-butylamine hydrochloride were reported to accelerate polymeri~
zation, but the rate was unaffected in the presence of Fe3+ ion. The
rate of polymerization initiated by benzene (or toluene) sulfanic acid
as observed by Overberger and Godfrey were much slower than th@se re-
ported by other workers who found the rates to be 0.5 order in sulfdnic
acid. On the basis of their experiments, Overberger and Godfrey conclu-
ded that the kinetic discrepancies in earlier reports (0.5 order depen=
dence of rate on sulfanic acid concentration) could be explained by
assuming the presence of adventitious impuritiés which were oxidizing

or reducing agents and which formed redox systems capable of initiating

polymerization at a rate sufficient to mask the rate of polymerization



due to sulfinic acid alone. Interestingly an incrégse in rate of
polymerization on dilution with benezene was';eportedl9 invthe sulfénic
acid-initiated polymerization of methyl methacrylate. This effect\was
probably due to enhanced association of the sulfgnic acid molecules in

the benzene~-diluted system.
20

Later Iring et.al. also made dilatometric studigs of styremne
polymerization using p-toluene sulfinic.acid as the initiator ét 45~
65°C. They found, however, a square~root dependence of rate on initi-
ator concentration. When benzoyl peroxide was also preseﬁt in the
system, the rate was proportional to the square root of the peroxide
concentration and the rate and degree of polyﬁerization were unaffected
by variation in the sulfinic acid concentration.

Imoto and Ukida21 reported an acceleration in the rate of vinyl

ecetate polymerizafion using the mixed catalyst system\of azobisiso-

butyronitrile and p-chloro benzene sulfinic acid, particularly when
the molar ratio of the sulfinmic acid to the azonitrile was less than
unity. By polarographic study of the reaction between the sulfanic
acid and the azonitrile, the mixed-catalyst effect was explained by a
direct reaction between the two compounds.

22-24

There are reports in the patent literature of the use of a

variety of sulfoXy compounds as accelerators of polymerization of olefin,

24

diolefin or vinyl compounds. In a recent report” , use of compounds
of the formula RSG, X, RSOX, RSX and Snxz (where R is an alkyl, cyclo-
alkyl or aryl group or a halogen derivative thereof and X represents a

halogen atom, and W= 1 or 2) as catalysts for the polymerization and



coﬁolymerization of l-olefins and polyenes has been mentioned. Amino-
alkyl sulfone compounds of the general formula RSO CHR'X (Wﬁere R is a
hydrocarbon groupy, R' is H or a hydrocarbon group and ¥ is an amino

or substituted amino group) have also been used?3 as efficient acceler~-
ators of olefin, diolefin and vinyl compounds at a relatively low

temperature ( 35%).

Elemental Sulfur

It is appropriate to consider the role of elemental sulfur in
polymerization at this stage, before opéning the discuséion on the sim-
ilar role of organic sulfides and poly_sulfides. Elemental sulfur is
known to exist as a stable cyclic § molecule from room temperature to
some what above its melting point. With increase in the temperature
of molten sulfur, the liquid darkens and increases rapidly in viscosity,
which reaches a maximum at around 185°c. This phenomenon has been
explained25 on the basis of an equilibrium between S rings and long
chains of sulfur, which attain a maximum length at the point of maxi-
mum viscosity. Homolytic cleavage of the Sg rings at elevated tempera-
tures yields a diradical which then initiates a free radical polyeri-
zation and in fact, physical measurements and calculations indicate
that the long sulfur chains are diradicals.

S—s_ Sg
l{ 1 > ,S<8g-S. + .S=S814<S. etc.
S\s---s/
One of the direct evidences of the participation of elemental

sulfur in free-radical reactions is its effectiveness as an inhibitor -



in vinyl polymerization26. Vinyl acetate radicals attack sulfur about

470 times as fast éé they add monomer and the resulting products
(suppdsedly polysulfides. M-SgM., .M-SgM. ., etc.) in turn also behave
as inhibifofs, being attacked by radicals only somewhat less readily27.
‘While studying the inhibition of thermal polymerization of styrene,
Bartlett and Trifan28 observed that the initial product was a low-mole~
cular-weight copolymer containing approximately eight sulfur units per
styrene unit. On further heating, the sulfur content in the copolymer
deéreased, probably by chain transfer with the polysulfide groups

present. Gladisher and Leplyanin29

also reported ¢vidence of copoly-
‘merization of sulfur and methyl methacrylate during postpolymerization

in the photoinitiated polymerization of methyl methacrylate in the

presence of sulfur inhibitor.

Organic sulfides

Quite a large number of organic>sulfides, disulfides and poly- .
sulfides have been studied as possible initiators of vinyl polymeri-

30 reported that at 70%, dibenzoyl

zation, Briteﬁfach a%? Schindler
disulfide,cGHSEES“Séacsﬂs , decompose slowly to give free radicals
which induce vinyl polymerization. Frank et.al.31 also reported the
ability of dibenéoyl disulfide to initiate vinyl polymerization by a
radical mechanism. Otsu and coworkers, however, described this disulfide
as ineffective as a thermal initiator (60-1209) of polymerization°32’33

Many other aromatic disulfides such as diphenyl, dibenzyl, dithiobenzyl,

dinitro-diphenyl, dibenzothiazyl and dialkyl xanthogene disulfide, were .
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also reported32’33 to be ineffective as thermal initiators of polymeri-

zation but some of them were found32’34-36

to act as retarders of poly-
merization. Ferxington and Totoloky, however, reported36 that dephenyl
disulfide exﬁibited a combination of imitiating and retarding ability
at 100°c. Most of the organic disulfides mentioned above and certain

monosulfides are effective poloinitiators of vinyl polymerization32’33.

Petropou10537

studied the kinetics of photopolymerization of
tetraethylene glycol dimethacrylate in the bulk with the use of a number
of desyl aryl sulfides, GGH5—7-E§CHXCGHI5)'—S-5AI (where Ar i; an aro-
matic group), as photoinitiators at 25%. The rate of polymerization
was found to be proportional to the square root of the initiator councen-
tration. The desyl aryl sulfides are believed to decompose into radi-~
cals according to the following mechanism: |

0 ' hy 0

} . .
csﬁs—b—(iﬂ—s ~Ar -~ CgH5-C—~CH + Ar§

CgHg CgHg

It was indicated from polymerization gxperiments that resonance stabi-
lization of the dissociated aryl thio radical, (Arg), might be impo;tant
in determining the rate of dissociation of the particular initiator.

Of the various disulfides, tetra alkyl thiuram disulfides were
found to be capable of initiating thermal polymerization of styreme and
methyl methacrylate in the témperature range of 50-9000, but not of
vinyl acetate and acrylonitrile36’38-40. Ferrington and'Tobolsky38
studied the thermal polymerization of methyl methacrylate at 70°c using

s S
tetramethyl thauram disulfide GWHD),(CH3)2~N—6aS$S—é*N—(c33)2 as
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the initiator, and found it somewhat less active than benzoyl peroxide.
TMID is the only disulfide studied in detail as a polymerization
initiator. A plot of the square of.polymerization rate against TMID
concentration deviated markedly from linearity at rather low concen-
trations of the initiator38. Otsu and Nayatani reported an imitiator
exponent of about 0.37 in styrene polymerization. It is believed that,
besides bimolecular termination of the growing chains, other modes of
termination are significant, particularly at high initiator concentra-
tion. This presumably involves termination by reaction with TMID mole-
cules. It has been established that the retardation of polymerization
in this system is due to the initiator molecules rather than to their
decomposition products.

Using low concentrations of TMID in azobisisobutyro-nitrile-init-
iated polymerization at 70° and neglecting retardation of polymeri-
zation due to the thiuram disulfide molecules, Ferrington and Tobolsky38
reported chain-transfer constaﬁts for the above disulfide at 70% for

methyl methacrylate and styrene as 1.15 x 10-2

and 1.36 x 10'-2 respec-
tively.

Initiator transfer is important for many of the sulfur—containing'
initiators, and this is significantly of the degradative type. Some of
these compounds, as discussed above, are fairly efficient initiators,
and in all probability the radicals derived from primary dissociation

are different from those produced in chain transfer (radical displace-~

ment) reactions. In the case of tetra methyl thiuram disulfide, the
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radical displacement may be considered to take élace as follows:

P° 4+ [(CH3)2NC:S‘SJ2 > _PC:SN(CH3),+ (CH3),NC:55§"

whereas direct dissociation is believed to produce‘the unstable
radical (CH3),NC:SS° which further decomposes to the (CHz),N'

radical and carbon disulfide:

(CH3)».N.C:5535C:S+«N~(CH3y)y » 2(CH3),+N«~C:5«8* > 2(CH3),N®+2CS
372 372 372 Tl 372 2

: ti
Tetramethyl thiuram monosulfide is found to be an inyator but not a

retarder, while the corresponding tetrasulfide behaves: as a retarder
but not an initiator. Thus it is believed36 that ret;rdation is
*due to polysulfide radicals RS'X (x > 1) which are unreactive to-
wards monomer., The degradative chain transfer reaction of disul-

I

fides, e.g., dipjenyl disulfide, may be expressed as:

JP° 4+ (CgHg?S)y, » «BP-CqHs + CgHs!SiS®

the disulfide radical being unreaéiiveBé; direct dissociation is
understood to involve scission of the S—S bond to give reactive
radicals. |

It appears in gemeral that thermal or'photochemical'activation
of disulfides results in the cleavage of the S-S bond. This is substan—
tiated by end-group analysis of the pblymers (2Rs end-groups per éoly—
mer molecule) in certain cases35 and also by experiments using ring
disulfides. 1In the latter case the observed incorporation of a large

41,42

amount of sulfur in the polymer is explained by considering chain
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extension due to copolymerization at each instance of chain transfer
involving the ring disulfide:
- .M. + R > _M '-~SRS°
- n n

3

.M ~-SRS®" + M » _M —-8SRSM" etc.
T : n

Dinaburg and Vansheidt43

studied the chain-transfer capacity of.
a large number of thiols or mercaptans (RSH) ané disulfides (B,S,)at
99%. ‘It was observed that aromatic groups in positions adjacent to &}
SH group greatly increase the activity of alkyl thiols, but direct-
attachment of the SH group to 2% aromatic ring reduces the activity.
bisulfides of the aliphatic series have low activity but aryl and
heterocyelic deviatives are quite active.

Among the polysulfides, dimethyl tetrasulfide has-been studiedM*’45
in some detail with respect to its participation in radical reactionms.
Dimethyl tetrasulfide decomposes and disproportionates primarily into a
mixture of dimethyl tri-, tetra-, pentashexa- and probably higher poly-

hh at 80%. With the use of very low concentrations of dimethyl

sulfides
tetrasulfide (< 5-6 x 10"5 m/1) acceleration of the thermal (80%c)
polymerization of methyl methacrylate and acrylonitrile has been observed.
At higher concentrations of the tetrasulfide, pronounced retardation of
polymerization occurs. Thus dimethyl tetrasulfide acts simultaneously

as a weak initiator and a strong chain-transfer agent of the degradative

type. 1Its apparent chain~transfer contant for acrylonitrile polymeri-

zation at 80°%c is reported44 to be 0.69. The thermal decomposition of
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dimethyl tetrasulfide is suggested to take place as follows:
CHy-S,-CH3 ~ CHsS?'Q + CHgS@,_.x)

éubsequent disproportionation occurs by the interaction of these radi~
cals and the sulfide. The slow formation of dimethyl disulfide during
the latter process may be due to a slower rate of production of the
methyl-thiyl radical CH3S® in the reaction mixture. It is probably
this radical which leads to initiation of polymerization.

Polymers having sulfur-bearing end groups, obtain;d by using
various disulfides or mercaptans as initiators or chain-transfer
agents, exhibit good initiator or chain-transfer activity during photo-
or thermal polymerization of other monomers in their presence. Block
copolymers of methyl methacrylate or acrylonitrile with polystyrene
were easily obtained by using sulfur end group-bearing polystyrene

(initiated by tetramethyl thiuram disulfide) as the photoinitiator46.

There are also reports47’48

in the literature of the easy and efficient
sysnthesis of graft-copolymers where the preformed polymer used is a
copolymer containing 1-5 mole percent of glycidyl methacrylate; the
epoxy side groups in these copolymers are easily transformed into two
adjacent pendant Sﬁ groups by reacting with a mercapto acid such as
mercapto acetic acid or mercapto propionic acid.

The role of mercaptans as chain-transfer agents in free-radicél

polymerization is well known. Recently Hirahara and coworker349

report-
ed a rate-depressing effect of mercaptans on the butyl lithium-initiated

aniomic polymerization of methyl methacrylate. The mercaptans used in
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small quantities were present in the system as the corresponding lithium

mercaptide:

BuLi + RSH - BuH + RSLi

Depression of the polymerization rate in the presence of mercaptides

is probably due to the formation of a somewhat stabilized complex be-
tween the mercaptide and the active center of the polymerizing monomer.
The stereospecificity of the resultant polymer was also affected
(increased isotacticity) by the presence of the mercaptides, this effect
being in the order of n-propyl <isopropyl < t-bzutyl ¢ phenyl mercaptide.
This observation is in agreement with the idea that stereospecificity

of the polymerization is determined by the rigidity of the complex
formed at the active center of the polymerizing monomer.

Photosensitive polymers having xanthate end-groups (;g—0~) have
been easily obtained by using a number of xanthate compounds as photo~
sursitizers®. From end-group analysis of such polymers, it is under-
stood that the xanthate compounds of the type RS.C(S)CR' decompose to
RS' and C(:S)OR' radicals on photolysis, Polystyrene prepared in the
presence of xanthate initiators has been'effectively photografted with .
poly (methyl methacrylate) (grafting efficienqy'=72-95%) by chain trans-

fer49. Photosensitive polymers of similar kind have also been prepared

by using acyldithiocarbamates as thermal or photo initiatorsSI.

52

Makimoto et.al. reported a cocatalyst effect of cérbon_disulfide

in vinyl polymerization initiated by organometallic compounds, such as



16.

diethyl zinc, diethyl cadmium, and trialkyl aluminum, in diethyl ether

or tetrahydrofuran solution. Instantaneous coloration developed on
mixing carbon disulfide and the organometallic compounds at 0%; addition
of methyl methacrylate at room temperature in this colored solution
produced polymer to 10-70% yield in 25-70 hours. Yields thus obtained
were much higher then in systems having no carbon disulfide. The coca-
talyst effect was also observed in the polymerization of methyl acrylate,
styrene, vinyl acetate and acrylonitrile, Formation of a complex inter-
mediate, e.g., Et C (:S) S ZnEt with Zn Et) and carbon disulfide was
considered. It was suggested that this intermediate decomposed to pro-

duce a radical which initiated polymerization:

fast CS» 3
CSo+ZnEty; —> EtC(:S)SZnEt =~ (EtC-S8-)57Zn
reactive slow
complex

Brown and White53 described the use of thig urea-monomer canal
complexes as molecular templates for carrying out selective@ and sterco-
specific polymerization. It was difficult to initiate polymerization by
heat, 1ight and initiators, but‘irradiatiqn Qith ionizing radiation
produced high melting crystalline 1,4 trans polymers im good yield from
canal complexes of 2,3 dimethyl butadieng 2,3 dichlorobutadiene gnd
1,3 cyclohexadiene. Numerous other monomers forming caznal complexes with
thiourea could not be polymerized, however. Thus the scope of polymeri-
zation in thiourea canal-complexes is quite limited due to substrate
specificity. The technic involved specific'orientation and possible
activation of the monomers by the complex to obtain highly regular poly-

mers. A fine matching between the size and shape of the monomer and
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the size and shape of the canals was required for polymerization to
take place.
Thiourea has also been used as an activator in redox initiator
systems for aqueous polymerization; e.g., with hydrogen peroxide,
54

persulfate, ferric salts and bromatés™ . Initiation is believed to

take place in such systems, at least in part, through the agency of a

radical derived from the reducing agent, i.e.,:thiourea54’55.
H, NH, . NH,
sl 7 e ns-c{ > s-c{ 4w T €
\NHZ “NH NH

In fact poly(methyl methacrylate) samples prepared with redox initiator
systems, having thiourea as the reductant, have been found to bear
amine end—groupé to significant extents. The structure of the radical
derived from thiourea is believed to be é-C(:NH)-NHz instead of

33 by the fact that on

'Hﬁ-C(:S)-NHZ; this is confirmed by.Mandal et.al.
treating the amino-end group-bearing polymers in acetone solution with
alcoholic alkali under mild conditions and subsequent purification,

the response to amino-eﬁd group becomes negative and the molecular wéight
of the polymer increases by a large extent. The increase in molecular
weight may be partly due to the formation of disulfides from the macro-
molecular mercaptans resulting from the alkali treatment of the origipal
polymer (polymeric S-aikyl thiourea):

JNH,

5—C
~~-5-C
Syu

alkal%MwSH [Q}

e S8

Sulfuric acid

The use of sulfuric acid as a catiomic catalyst for polymerization
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is well kpown. Pepper and c:oworker55~-6"59 studied the cationic polymer#
zation qf styrene in 1,2-dichloroethrylene solution at 0-25%%, using
sulfuric acid as the cationic initiator. The final yield of polymer
was low .in this temperature range. The polymerization features were
found to be different from those of a normal steady-state chain reac-
tion. The rate of polymerization was very fast and was dependent on
acid concentration but independent of monomer concentration, and the
average molecular weights of the polymers were fairly tow?’ ( 20,000).
The results were explained on the basis of a non-~steady-state chain-
reaction theory developed for the purpose56. The effect of the presence
of certain additives on rate was studied and evidence was found that
polar substances interacted to varying degfees (depending on their
polarity) with the catalyst as well as with the growing carbonium
ion59. Molecular'weight was determined, by and large, by chain trans-
fer, rather than by chain termination.

Tsuda60 observed in the sulfuric acid-initiated polymerization of
styrene in methylene dichloride that the molecular weight could be
greatly increased by lowering the temperature. Water was found to be
a strong inhibitor in sulfuric.acid-catalysed polymerization. This

was explained by considering transfer of protons to water molecules

from the active proton dormor in the system:
. L
28,50, + H3S0] + HSOx
+ . : é .
H380, + CHp,=CH¢ ~ CH3-CH) + HySO0, 4 and in the

presence of water;

HySOF + Hy0 + H,S0,+ H30
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Hgﬁ is a weak proton donor; hence the transfer of a proton to‘the
moqﬁer to form a carbonium ion is suppressed. Friedel-Crafts
catalysts are themselves strong acids but their hydrates are ac-
tive proton donors. Therefore, water behaves as a cocatalyst
in Friedel-Crafts catalyst systems as opposed to its inhibitory
effect in sulfuric acid-catalyred systems:

BF3 + Hy0 3 BF3. Hy0

BF3. Hy0 + M - MHT + BF3.0H”

Sulfuric acid at low concentration (O.If0.00l m/1) in
deaerated aqueous solution Was~found6l’62 to polymerize methyl
methacrylate slowly in the presence of sunlight or ultraviolet
light after a long inhibition period. Trace amounts of sulfate
end-groups were detected in the polymer. Polymerization was

believed to take place primarily by 0H radicals and hydrogen

atoms formed in the medium according to the following scheme:
S0, > SO3+ e
- -+ . .
S0y, + H3z0 > H,S04 + on
HIO + e > H® + H,0

63 that the net result in

It has been reported by Barret et.al.
the photolysis of sulfate ions in aqueous medium is the photo-

dissociation of water molecules.
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Salts of reducing sulfoxy compounds

Sulfurous acid (HpS503) and sodium sulfite (WapS03) were
observed to be very sluggish and inefficient initiators of
aqueous polymerization of methyl methacrylate, but sodium bi-
sulfite (NaHSO3) was :found to be an efficient aqueous imitiatox
with monomer selectivityGA. Methacrylate monomers were easily
polymerized at 0_3000; polymerization of styrene was very slow
and sluggish. No polymerization was observed with vinyl acetate,
acrylonitrile or the acrylates as the monomer. Initiation of
polymerization is believed64 to be due to sulfonate ion radicals
derived from a redox reaction between the bisulfite ion and
monomer molecules. Sodium metabisulfite (NayS,05) and sodium
dithionite (Na,S,0,) were also found to ini;iate the aqueous
polymerization of methyl methacrylate, and polymers were found
to bear nonhydrolyzable sulfonate-type anionic»end—groups§4’65

All the above reduciné sulfoxy compounds as well as alkali
thiosulfate form efficient redox initiatoed® systems with persul-
fates. Polymerization is initiated by radicals derived from
both the oxidant and reductant, as evidenced by end-group
analysis66: |

5,05 + sxo;" >~ S0, + SO + éxoén”l)"

In redox syétems involving the reducing sufloxy compounds and

oxidizing metal ioms, the primary initiating radicals are derived

from the sulfoxy compounds as follows:
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s 0™ 4™, g o (@D y@-1)+
X'y X"y

’

and anionic sulfomate~type end-groups have been detected in the
polymers obtainéd67. Other redox systems in common use involv-
ing the reducing sulfoxy compounds are those having hydrogen
peroxide, Oxygen or halate salts as the oxidant. Using a
chlorate-sulf®ite initiator sys%em for the polymerization of
.acrylamidé in acidic aqueous media, Suen~et.al.68 observed that
HSQE ion was an active chain—transfer agent, having a tranéfer

constant of 0.17 at 50°c.

Sulfuryl chloride

Sulfuryl chloride (SOZClz) is known69 to take part in radi-
cal reactions, e.g., the peroxide—induced chlorination of olefins.
Sulfochlorination of hydrocarbous has been effegted using
SQZClz gg@ light in the presence of pyridine as a catalystjo.

Low concentration of sulfuryl chloride were found to initiate
the bulk polymerization of methyl methacrylate thermally at 60-
80°C, or more efficiently on irradiation with visible or ultra-

violet light. The polymers so obtained incorporated chlorine

and sulfony end-groups.

Dimethyl sulfoxide

Another interesting sulfoxy compound which is known to
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participate in polymerization is dimethyl sulfoxide (DMSO).

The use of alkali metal - DMSO compounds as initiators of poly-
merization has recently been reportedyz—ys. Thé polymerization
behavior of several monomers was examined with sodium-or potassium-
DMSO, and the results were counsistant with anionic initiation.
DMSO, having a high solubility parameter and high dielectric
const;nt, dissolves many monomers and polymers, all of which are
not readily soluble in solvents conventionally used in anionic
polymerization. The order of polymerizability was found to be
acrylonitrile > methyl methacrylate >> styrene, and copolymeri-
zation experiments with the binary system of acrylonitrile and
styrene in equimolar amounts produced almost exclusively the
homopolymer of acrylonitrile76. The structure of the anion de-
rived from DMSO (e.g. by reaction with buptyl lithium) is as

follows:

BILiT + CHjz- %—CH3—> CHj- g—CHzLi-'- + BuH.

The dimsyl anion, as this anion is called, polymerized acryloni-
trile with almost theovetical yield73 in homogeneous (DMSO)
solution at 20-50%°c and molecular weights of the order of

76 x 103 to 185 x,lO3 were obtained. Termination of growing
.chains by transfer with DMSO is an important factor giving rise
to relatively low molecular weight polymers. Styrene poly-

merization generally yielded very low molecular weight oily
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polymers. Polymerization to high molecular weights was strongly
inhibited in DMSO due to termination by chain transfer to the

solvent:

‘ ©
P? + CH3-§—CH3 > PH -+ C'Hz" '%"CHs

where ﬁD represents a growing (carbonion) chain. The major prod-
uct in styrene polymerizatibn contained one sulfinyl group and
three»styrene units, as reported by Gosnell et.al.js. They pro-
posed tﬂe following mechanisms to explain this: 1Im the growing
chains containing one or two styrene units, the ion-dipole inter—
actions between the sulfoxide group at one end and the iomn pair
of the growing end stabilize the intermédiates and thereby
decrease the probability of broton abstraction from the solvent
at these two stages of monomer addition. After the addition of
the third monomer unit, thié stabilizing interaction is no longer
possible and thus solvent transfer predominates over chain pro-

pagation.

Hydrogen sulfide

The use of hydrogen sulfide in vinyl polymerization is quite
limited. The addition reactions of hydrogen sulfide to define
double bonds under pressure and at high temperatures and that

recurring at low temperature under ultraviolet light are known77—79.
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But formation of high polymers by hydrogen sulfide, behaving as
an initiator, has not-been reported. The chain-transfer ability
of hydrogen sulfide was, however, examined by Britenbach and
01aj80 in the polymerization of styrene and acrylonitrile. Poly-
mers with significant sulfur content were isolated by thermal
catalyzed.polymerization of these monomers in presence of a
fairly high concentration of hydrogen sulfide. Ulbricht and
Sourisseau81 observed that polyacrytonitrile pre?ared in the
presence of hydrogen sulfide. (using axobisisobutyrﬁnitrile init-
iator at 50°c) contained 0.5-2.57 S as end-groups; only 2-6% of
this sulfur was in the form of mercapto end-~groups, and the rest
became incorporated in the polymer chains in a form having-no
transfer activity. The present author82 recently examined the
ability of hydrogen sulfide to initiate vinyl polymerization

and observed that methyl methacrylate formed polymers at a very
sléw rate at or mear room temperature in phe presence of very

5—-10*2m/l) of hydrogen sulfide used as

low concentration (10
the initiatorgz. The polymerization was retarded when the con-
centration of hydrogen sulfide was higher than about 1 x lO-Bm/l:
Vinyl acetate, acrylonitrile and methyl acrylate did not give

any polymer. The chain-transfer constants of hydrogen sulfide

at 60% for the polymerization of methyl methacrylate and styrene
were found to be 0.081 and 1.99 respectivelysz. The polymeri-

zation by hydrogen sulfide probably involves a complex radical

mechanism, i.e., formation of a labife complex between the monomer
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and hydrogen sulfide which then slowly dissociates into radicals to
initiate polymerization. The radicals may otherwise give addition
products by recombination under suitable conditions or may lead to

side reactions which suppress polymerization.

Sulfur dioxide

The effect of sulfur doxide on vinyl polymerization has been
studied for some time. The bulk of the published data until recently
was concerned with the use of liquid sulfur dioxide as a medium of
polymerization or as a comonomer in the presence of a vinyl or related
monomer, with a radical or ionic catalyst or some radiation to induce
83-91

polymerization Some instances of spontaneous polymerization in

the presence of liquid sulfur dioxide without the advent of any cata-

lyst or radiation are also reported92’93.

The products of polymeri-
zation obtained in liquid sulfur dioxide are either of the unsaturated
monomer and sulfur dioxide, commonly called a polysulfone.

Sulfur dioxide is known to form compiexeg with olefinic compounds
and a host of other compounds such as amines, ethers, phenofs and aroma-
tic hydrocarbon594-97. 98

Liquid sulfur dioxide is also known’® to

dissociate into ionic species as follows:

24

250, > S0°T + 5037

Thus during polymerization in liquid sulfur dioxide, the probable par=~

ticipation or influence of any complex or ionic species as mentioned
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above should be taken into consideration. Sulfur dioxide behaves as
a good electron acceptor and is more reactive in this respect than

maleic
inaetive anhydride at low temperateres, but their reactivities are

99 at about 30°c.

more or less comparable
In a liquid sulfur dioxide syéteﬁ, cationic catalysts, suéh'as

BF 4, H, 804 etc., lead to the formation of a homopolymer of the unsat~

urated monomer, while the formation of a polysulfone is brought

about in general with the use of free—radicalrinitiators, such as

benzoyl peroxide, azobisisobutyronifrile, etc.83-93. There have been

some reports where simultaneous formation of a homopolymer énd a poly-

84,88,100

sulfone are observed , even in presence of a free-radical

initiator®®.

In uncatalyzed polymerization of styrene in liquid sulfur dioxide.
Barb84 observed that the percentage of sulfur dioxide in the polymer
product decreased as the sulfur dioxide to styrenme ratio in the feed
solution was increased. Thus in addition to the normal free-radical
polymerization ieading to the formation of a polysulfone, a cationic
polymerization (initiéted either by the cationic species of sulfur
dioxide or by some reaction of the sulfur dioxide monomer complex),
also took place and this process did not incorporate either sulfur
dioxide or the complex present in the system into the polymer. More

88

recently Tokura et.al.®°® observed simultaneous radical polysulfone form-

ation and cationic homopolymerization of p-isopropylstyrene in liquid
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sulfur dioxide in the presence of arobilisobutyronitrile initiator.
In the presence of dimethyl formamide the cationic homopolymerization
was completely inhibited and only a polysulfone was obtained. Schulz
and Banihaschemilol observed fast polymerization of styreme to sulfur-
free polystyrene in liquid sﬁlfur dioxide in the presence of hydro-
peroxides and peracids as catalysts, and the polymerization remained
uninhibited by hydroquinone or m~-dinitro benzene. Polymerization was
considered to take place by a cationic mechanism, and the use of.éolvents
such és benzene, toluene and dichloromethane had little effect. The
use of nitrile compounds and dimethyl formamide, however, 1led to the
formation of polystyrenme sulfone at a much reduced rate, fhus liquid
sulfur dioxide appears to be a unique solvent which permits polymeri-
zation of oléfinic and vinyl compounds by either radical or cationmic
mechanisms depending on the conditions of polymerization, and sometimes
permitting simultaneous radical and cationic polymerization. At the
same time the solvent itself participates in the polymerization process
either as a comonomer giving rise to polysulfones of rather regular
sequence distribution under favorable conditions, and/or as a polar
solvent influencing the overall rate of polymerization without being
incorporated in the polymer to a measurable extent.

An interesting feature of the radicalﬁgglymerization of olefines
in liquid sulfur dioxide is the ready formaéion of predominantly 1:1 -
alternating copolymers from a range of feed compositions. In the case

of'cyclohexene102 the structure of the polysulfone is:
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and for unsymmetrical olefins, e.g., propylene and pentene, writing

X = Y for the olefin, the polysulfone has an alternating struc-

ture, 103,104
b
-X-Y-%-Y-X—%-X-Y-s-Y-X*
6 ©°

The copolymerization of an olefinic Bydrocarbon and sulfur
dioxide is considered to be a simple polymerization of a 1:1 complex
of the two monomers. For styrene and styrene derivatives, 2:1 poly-
sulfones, i.e., 2 monomer units for one SO, unit, were normally ob-

84,88

tained by radical polymerization Vinyl chloride and vinyl bro-

mide were also reported to give 2:1 polysulfoneleS’IOG.

An important observation in polymerization, first made in connec~
tion with polysulfone formation in liquid sulfur dioxide, is the ceil-
ing-temperature (Ic) phenomenon. Snow and Frey107 observed that sulfur
dioxide~isobutene mixtures containing a suitable initiator polymerize
at temperatures below 4-6%c, but the reaction stops on warming above
this temperature. The ceiling temperature (Tc) is defined as that
temperature above which monomer cannot be converted into long-chain
polymer. Thermodynamically, it is the temperature at which the free
energy of polymerization is zero. In the polymerization of styreme in
liquid sulfur dioxide, the reaction incorporating sulfur dioxide in
the polymer competes with the normal chain-propagation process to yield
polystyrene, and a phenomenon analogous to ceiling temperature is ob-

served in that the amount of S0 incorporated in the copolymer decrease

markedly with temperature. The dependence of polysulfone composition
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-on temperature and the concentrations of monomers (styrene and sulfur
dioxide) was explained by Barb84 in terms of reversible propagation and
intlusion of 502 in the copolymer exclusively by reaction oﬁ a growing
chain with a 1:1 complex of styreme and SQ2.¢Walling108, however,
explained it by an altermative scheme not involving the participation
of a styrene-SOa complex. Based on rate measurement and the temperature
dependence of copolymer composition in a styrene-sulfur dioxide system
at elevated temperatures, Barb84 estimated the activation energy of
the depropagation reaction involving the breakage of a carbon-sulfur
bond as 12-15 Kcal, which is much lower then that for the depropagation
of a vinyl polymer.

A penultimate unit effect hés been recognized in the copolymeri-
zation of styrene and sulfur dioxide. SQ; fails to add to a radical
with a terminal 50, unit and moreover it also fails to react to a
polymer radical in thch SO is the penultimate unit84,108

The copolymerization of sulfur dioxide with cis- or trans- 2-butene
is acéompanied by isomerization of the respective olefinlog. The rate
of isomerization increases as the temperature approaches the ceiling
temperature despite decrease in the rate of polymerization. The effect

is interpreted in terms of the propagation depropagationequilibria:

B CHj
M.50; + 6 = ¢ —> ~M-S0,-CH(CH3)-CH(CHz)
CH3 il
H B
—» “"M-S0, + =
5 ¢ = ¢
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The instantaneous polymerization of styreme in liquid S0, to
sulfur—freeipolystyrene at a fast rate in the presence of anthracene
and oxygen was reported by Tokura and coworkersllo. Rapid initiation
could not be effected in the absence of either anthracenme or oxygen and
the polyﬁerization was inhibited in the presence of dimetﬁyl sulfoxide,
an inhibitor for cationic polymerization. ‘Initiation of polymerization

was considered to take place through the agency of cation radicals

+
(CgHsCH = CH, )s formed in the system according to the following scheme:

1iqg502
CDG +0, —_— g‘e +0¥ (s0,)

I 11
II + CHp=CH-CgHs __5 I + (CgHg=CH=CH,)T
' I
cationic LIl
IIT + CgH5§CH=CH2 propagatioﬂ» polystyrene
111

Overberger and Moore reported the formation of a yellow color
when benzyl vinyl sulfide was added to liquid sulfur dioxide in the
presence of air; a 1l:1 polysulfone was isolated from this system. But

in the absence of air no coloration was observed and only a minute trace
of a solid polymeric product was isolated; this was not a 1l:1 polysulfone.
Polymerization by a radical mechanism via the formation of a charge-
transfer complex (yellow color) between the monomer and sulfur dioxide

is believed to take place in the presence of air.

Polymerization of acrylomitrile in liquid sulfur dioxide in the

presence of a radical initiator at 50%c produced112 only the homopolymer
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of acrylonitrile instead of the expected copolymer (polysulfone).

Tokura et.al.112

explained this by considering a positive charge on
the monomer due to the presence of the electron-attracting nitrile
group and thus precluding formation of a charge-transfer complex be-
tween the monomer and sulfur dioxide. Similar radical homopolymeriza=
tion was also observed!!3 for methyl methacrylate in liquid sulfur
dioxide.

It is interesting to note114

here that radical polymerization
of m-bromostyrene in liquid S0, gives polysulfones with sulfur con-
tents well below that observed in styrene-50, system and no 802 is
incorporated in the polymer when p-nitro styrene is radicaily poly-
merized in liquid»SOz . It is thus indicated that styrene derivatives
having electron withdrawing groups and having e values larger than the
e value of styrene, have less or no tendency to copolymerize with S0,.

Matsuda and coworkerslls’116

reported retardation of the radical
polymerization of acrylonitrile in liquid sulfur dioxide due to the
presence of aniline and other aromatic amines, due to chaih transfer of
the degradative type. This chain transfer is more pronounced in

liquid sulfur dioxide than in benzene; this is attributed to the differ-
ences in polarity of the terminal radicals of the growing chains in

the two solvents. The chain-transfer constants for three amines in the

above two solvent systemslls’116

are given in Table 1.
It is interesting to mote a polymolecular dependence of the over-

all rate of styrene polymerization on sulfur dioxide concentration as



Table I

Comparison of chain-transfer constants Ctr of three

aromatic amines in the polymerization of acryloni-

trile in liquid sulfur dioxide and benzene.

32,

Aromatic
Gy, in benzene agine C¢y in liquid SO2
4.40x1073 Aniline (50%¢) 0.96
9.64x10™2 Dimethyl aniline (60°¢) 2.18
5.47x10-2 Diethyl aniline (60%c) 14,32
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emww reported by Tokura et.a1.83 for cationic polymerization in liquid
sulfur dioxide. 1In the presence of certain solvents, the rate RP was
expressed as:RP = constant x (solvent)™. Solvents for which n is nega-
tive (benzene: -1.5, toluene: -0.8, p-xylene: ~0.8, p~-cymene: -0.3)
behave as acceptors of cations; they presumably interact with the
catonic end oﬁ the growiﬁg chains and form a relatively stable complex
with liquid sulfur dioxide and thus retard the polymerization rate.
Other solvents having positive values of n (cyclohexane: 0.7 and chloro-
benzene: 0.4) are found to accelerate the rate, solvents of this class
are considered mneutral or bear positive charge and do not interact with
the growing cationic centers or'SCh but act rather to repel them.

The effect of 1iquid-suifur dioxide concentration on the relative
reactivity of monomers in the cationic copolymerization of styreme (M;)
and methyl acrylate'(Mz) at 0¢ using BF; , Et,0 complex as the cationic
initiator was studied by Matsuda et.al.gl. The monomer reactivity ratio
'ﬂ; changed from 0.30 at (S0,) = 6.58 m/1 to Ty = 1.50 at (SOp)= 13.16
m/1l, buty, remained unchanged. Using the same catalyst system in the
cationic copolymerization of styrene (Mi) and &-methyl styrene (M),

Iiﬁo and Tokura90

observed that 4 and ¥at -40% in liquid sulfur
dioxide were 0.0 - 0.1 and > 20, respectively, while the corresponding
values were 0.2 - 0.3 and 12% 2 in methylene chloride at -20%. The
copolymer composition and monomer sequence distribution Wére determined

by NMR spectroscopy. The fraction of isolated single styreme units

spaced between two &-methyl styrene units (alternating structure) was
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calculated by a comparison of the phenyl doublet and phenyl singlet
absorptions. In methylene chloride medium, the.alternating structure
accounted for 38.37 of the styrene units in the copolymer from a

nearly equimolar amount qf the two monomers in the feed. On the other
hand, the copolymer produced in liquid sulfur dioxide seemed to be a
non-alternating copolymer having practically no lone styrene units
spaced between two ol-methyl styrene units. These effects were explain-
ed in terms of the greater degree of solvation of styrene molecules in
liquid sulfur dioxide compared to e-methyl styrene molecules, and

the higher reactivityrof o~methyl étyrene toward carboniuss ions in

liquid sulfur dioxide.90

Tokura and Kawaharall7

feported the interesting observation that
alkyl and aralkyl halides, such as ethyl, n-propyl, isopropyl, n~butyl,
t-butyl, -phenethyl and benezyl chloride, are all effective catalysts

for the cationic polymerization of styreme in liquid sulfur dioxide.

No Lewis-acid catalyst was used and only homo-polystyrene was obtained.
The production of free carbonium ions from the alkyl chlorides is not
conceivable in ordinary solvents, but a strong solvation of chloride apion
by liquid sulfur dioxide may be operative, and carbonium ions derived

from the alkyl groups probably initiate polymerization in liquid sulfur
dioxidell7; the exact mechanism is not clear however.

Tokura et.al.89

observed increased inhibition and subsequent re-
tardation of radical polymerization in a liquid sulfur dioxide - dimethyl

sulfoxide (DMSO) solvent system when potassium rodide was added to the



formation of the linear copolymer may be represented as:
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system. This effect was caused by the formation of iodime in the KI-
DMSO - SO, system as visually demonstrated by the development of iodine
color in the solution. No coloration was noticed, however, in either
the KI - DMSO or KI -liq -S5O, binary system. The possible mechanism of

the formation of iodine is:

2KI + (CH3), SO + SO, —> (CH3), S + K,803+ I,

Polymerization of olefine¢, allylic and vinyl compounds in liquid
sulfur dioxide induced by %—irradiation in absence of any radical or
ionic catalysts was normally found to occur by a radical mechanism
giving rise to the respective polysulfone586’118'120.

Stille and Thomson121 studied radical copolymerization of a non-
conjugated diene (1.5 hexadeine) and sulfur dioxide and found that
two sulfur dioxide units were present for each diolefin unit in the
resulting copolymer. Each sulfur dioxide molecule presumably complexed
with one double bond of the diolefin prior to polymerization. The pro-
posed propagation mechanism involved a cyclocopolymerization through

the intermediaty of these complexes, corresponding to alternating intra-

molecular - intermolecular bi-radical propagation. The structure and

: . .. CH2
_- CHj 49?63
CH, CH
iH2 i + 250 » 50, |
CH CH
CH CH /o2
\CHZ/ 2 \CH2
complex formation
+
S0 CH g
SR e P CH
c‘:lﬁz (’JH \SOZ gropagation CHy \(,:H/ 2\852
CE\CHQCHQ N " complex .EH CH
—~
CH biradical

Linear polymer
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Zutty and coworkersgz’122

reported a spontaneous copolymerization
of bicyclo-2,2,1,hept-2~ene and sulfur dioXide at low temperatures.
Polymers were obtained in high conversion (;=93%) in a metter of minutes;
the molecular weight of the copolymer increased with conversion and

time; the reaction could not be inhibited indefinitely without exhaust-~
ing one of the momomers; and a high concentration of radicals was
delieeted in the system by electron parammagnetic resonance studies. The
polymerization may be considered to take place through the intermediacy
of chargeitransfer complexes formed between the reactants followed by

. =3
rearrangement of the complex to ®he biradical and fast propagation to

copolymer by biradical coupling:

Orse=< = |3
"s0, “sb,

charge trans I(E‘V
complex

o i
oo i
0

N

. dn piradical

Living polymers would be the expected result according to this mechanism,

and this was substantiated experimentally by the formation of a block .
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copolymer en addition of a third monomer such as ethyl acrylate in the
living polysulfomne system.

1.93 observed

With N-vinyl carbazole as the monomer, Solomon et.a
that the polymer obtained in liquid sulfur dioxide at -15% in the
absence of a catalyst was a homopolymer of the carbazole, irrespective
of conversion. Although the exact mechanism of polymerization is not
clear, it is believed that the prolymerization reaction took place by

. . 123
an ionic mechanism. Frazer

reéported a case of radical terpolymeriza=-
tion of an X -olefin, sulfur dioxide and carbon monoxide under high
pressures (1000-3000 atmospheres) and at temperatures above the ceiling
temperature of the particular K;olefin-sulfur dioxide systém.

124,125 studied the polymerization of methyl

Matsuda and coworkers
metherylate, styrene and methyl vinyl pyridine initiated by charge-
transfer complexes of sulfur dioxide and pyridine or pyridine deriva-
tives .in liquid sulfur dioxide in the presence of an organic halide
such as carbon tetrachloride. No initiation was observed in the absence
of the charge-transfer complex or of carbon tetrachloride. Inhibition
of polymerization was observed in the presence of hydroquinone for
styrene or methyl vinyl pyridine but not for methyl methacrylate. For
the polymerization of methyl me£hacrylate, the overall rate was found
to be proportional to the square root of the concentration of the sulfur-
diomide - pyridine complex and to the 1.5 power of the monomer.concen-

tration. Based on the polymerization kinetics it was suggested that a

primary radical was produced from the reduction of carbon tetrachloride
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by an associated sulfur dioxide - pyridine ~ monomer complexlzB.

Later Baimford et.a1.126, based on their observation
on halide dependence of polymer yield in the above system,
found it necessary to postulate that free sulfur dioxide\(not
complexed with pyridine) was an important component of the
initiating system at all halide concentrations. Observation
of a rate-enhancing effect of dimet@& formamide indicated
that polar species were formed as intermediates during poly-
merization. The initiation mechanism suggested by Matsudea
and Hirayama123 more or less conforms to the experimental
observations.

127,128

Ghosh and 0'Driscoll reported the use of sulfur

dioxide in catalytic concentrations (10_4—10“1 m/1l) as an
initiator of vinyl polymerization. Polymerization of methyl
methacrylate, ethyl methacrylate, n-butyl methacrylate.and
styrene was effected slowly at or near room temperature
whilé other monomers, such as vinyl acetate, acrylonitrile,
and alkyl esters of acrylic acid,could not be polymerized
under similar conditions. The polymerization rate for
methyl methacrylate was found to pass through a maximum when
plotted against sulfur dioxide concentration. Employing a
tracer techniqne,gbout 0-2 sulfur atoms per chain was de-

tected in the polymers when the concentration of the initiator

sulfur dioxide was less then 10-2m/l, the molecular weights
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of the polymers having been in the range of L3ﬁ12)x106._
At much higher sulfur ﬁioﬂide concentration, higher in-
corporation of sulfur dioxide in the polymer, probably by
way of copolymerization in part, was obtainedlzs.

A hydroperoxide, such as t-butyl hydroperoxide greatly
accelerates the sulfur dioxide-activated polymerization of
methyl methecrylate aqd other vinyl monomers. Diphenyl picryl
hydrazyl and hydroquinone do not inhibit the hydroperoxide-
sulfur diox%§e~initiated polymerization of methyl methacry-
late. End-group. analysis indicates that the initiation of
polymerization is brought about by sulfonate and hydroxyl
radicals. 1Inert solvents such as benzene and toluene enhance
the rate of polymerization of methyl methacrylate but not of
other monomers, as observed by Ghosh and Billmeyerlzg. An
initiation mechanism involving the initiators, monomer and
solvent appears predominent in the case of methyl methacry-
late while with other monomers, an initiation mechanism
involving only the initiators and monomer is predominent.

A preliminary study of the graft copolymerization of
methyl methacrylate on 1,4 cispolyisoprene has been made by
the author in this laboratory and the results are given in

Table II. It is seen that the formation of graft copolymer

is largely dependent on both sulfur dioxide and polyisoprene
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concentration. Comparing the grafting efficiencies Ep and
Em (i.e., grafting efficiencies basedvon total polyisoprene
present and total poly (methyl methacrylate) formed respec-
tively) it is apparent that higher degrees of grafting are
favored at lower concentrations of polyisoprene and higher
concentrations of sulfur diogide in the system. The graft-
ing efficiencies were determined by following the analytical
procedure'described by Ghosh and SenGuptalBO. The'mechanism
of graft formation apparently involves charge-transfer-complex
formation between sulfuf dioxide and the polyisoprene unsat-
uration (as evidencéd by the development of a lightfyellow
color in the system when frozen in liquid nitrogem, While
no color formation is observed when polyisoprene is absent
from the system). Radical sites on polyisoprene chains
derived from the rearrangement of the charge-transfer com-
plexes serve as centers for the initiation of graft copoly-
merization.

An interesting case of "decomposition polymerization"
of a cyclic sulfone has been reported recently by Minoura and
Nakajima131 and Goethalsle, It is known that the reaction
between sulfur dioxide and butadiene produces a cyclic cryst-
akline adduct in addition to a linear amorphous polysulfone:

20°%
C£2=CH-CH=CH2+ 302 - -éCHz—CH=CH-CH2—Sozz'+ CH = %ﬁ
HpC. RHyi

7 \
0 0 o0

butadionene sulfone
11% 897
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Sulfur dionide-initiated graft copolymerization of

methyl methacrylate and 1.4 cispolyisoprene

Temperature: 30°c, benzene: 10 ml.

methyl methacrylate (MMA):3 ml.

Clis polyiso-

Total Free polyiso- ZGraft%ﬁ%;ic—
Expt prene 50, Time PMMA formed premne in pro- inefficiency
No. gm m/1 hr. gm duct gm E E
P m
1 0.3160 0.023 160 nil 0.3154 - -
2 0.3032 1 0.230 94 0.0387 0.2870 9.1 76.7
3 0.3122 0.023 94 nil 0.3120 ——— -—
4, 0.1085 0.230 160 ~ 0.2735 0.0804 25.9 92.6
5 0.1085 0.023 160 0.2169 0.0866 20.2 97.6
6 None 0.023 160 0.0214 —_—— - -———
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The cyclic product, butadiene sulfone, is found to polymerize
only radically above 80°c, the radical initiators used being
azobisisobutyronitrile and trialkyl boron. Polymerization at
80-140°¢ yields rubberlike polymers, insoluble in organic sol-
vents. The polymer composition (butadiene to sulfur dioxide
ratio) is independent of monomer and initiator concentrations
and reaction time, but dependent on temperature, giving lower
percentages of sulfur in the polymer at: higher témperatures.
It is known that butadiene and sulfur dioxide are formed by the
thermal decomposition of butadiene sulfonelBS. A suitable
mechanism for the polymerization of butadiene sulfone at high
temperature in the presence of radical initiators,therefore;
appears to be the formation of butadiene and sulfur dioxide by
its thermal decomposition and subsequent radical copolymeri-
zation of the decomposition products. The mechanism is thus

a "decomposition polymerization" as epposed to a "ring-opening
polymerization".

Recently Schaefer et.al.134 have reported copolymeri-
zation of propyiene oxide and sulfur dioxide using a variety
of catalysts such as Suncl,, EtoZn and Sbclg at about 55-60°c
to form a new type of copolymer, the poly (sulfite ether),

9 .
{S—G-CH(CHs)CHZ—GJn. The monomer distributiﬁxg in low-con-

version copolymers have been determined from,analysis and gas~-

liquid partition chromatography of the glycol ethers resulting
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from the hydrolysis of the copolymers. Hydrolysis experiments
indicate that the primary structure of the links betwgen the
two monomer segments consists of sulfite linkages {o—g—aa.
The monomer distribution depends on the particular catalyst
employed. ©Polymers prepared with Sncl, or Sbclg as the cata-
lyst show long-range order over rumns of propylene oxide as
long as twelve, and show a strong non-Markoffian dependence
on charge ratio, i.e. the ratio of the two monomers present.
The catalyst EtyZn produces a monomer distribution having no
long-range order and having weak Markoffian dependence on

134

charge ratio .

A few other novel polymers bearing sulfonvy groups in

the repeating units.

Diefenbach and coworkersl35 recently reported methods of
preparation and polymerization of two S-vinyl sulfonyl ylids,
dimethylsulfoniophenylsulfonyl (vinylsulfonyl) methanide (A)
and triphenylphosphoniophenyl sulfonyl (vinyl sulfonyl) metha-

nide (B):

(a) (B
CH,2CHSO» /CH3 CH, : CHSO,
c/t—-:%\ CT— 3 (Ph)4
PhSO, CHs PRS0,

(A) was readily polymerized in dioxane and dimethyl formamide

solutions and both (A) and (B) were copolymerized with styrene
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in dienethyl formamide solution using azobisisobutyronitrile
as the initiator. The structure of the homopolymer of (A)

may be represented as:

—{CHZ— (?H}—;

6A§A) radical » ] . /pHs

Goethals136 studied the polymerization of alkyl wvinyl

sulfonate, CH2=CH—SCzOfCHECH=CH2 , and observed that this
briunsaturated compound presents an interesting case where

the two double bonds have significantly different reactivities.
Linear soluble polymers were obtained by solution polymeri-
zation with a radical initiator, but polymerization in the
absence of solvents resulted in insoluble polymers. This
solubility characteristic of the polymers obtained under var-
ious counditions and the determination of their oléfenic unsat-
uration indicated that poly (alkyl vinyl sulfonate) contains

a significant amount of six-membered sultome rings:

.CH»

CH, CH, CH, CH,
\} N R 7 N\ \ /N ACHe
C'JH ?H —_— R éH H > R (‘:H er
- 0, Ho
CH
s.o\zo/ H2 N0 S0, CH,
/ \o
sultone
CH, _CH, _-CH, _.CHy
R~ Nexw Ncm Ner” o NceE”
] J ] ] ete
S02 Ho S0z CHo
No -~ ~0~



The mechanism of sultone ring formation involves alternating

inframolecular-intermolecular chain propagation as shown above.

Polymerization of some fluorothiocarbonyl compounds

Addition polymerization of some interesting non-vinyl
sulfur compounds (fluorinated) has recently been described by
Sharkey137, viz., the polymerization of thiocarbonyl fluoride

CF,=S and other fluorothiocarbonyl compounds. Thiocarbonyl
138

fluoride undergoes polymerization readily at low temperatures
The addition of a trace of a very mild base, e.g. éimethyl
formamide, to a solution of CF,;=S in dry ether at -78% starts:
a fast reaction giving rise to polymers of very high degree of
polymerization. The structure of the polymer is believed to

be CF3~S£CF§§% CF=§. The polymer is a highly resilient elast-
omer in the amorphous form, but suffers the disadvantage of
slow crystallization at temperatures below 35°c, while above
175% it depolymerizes. TFluorothioacyl fluorides, such as

CF3-CF=§, €1CF,*CF=$ and HCFCL:CF=5 also undergo anionic poly-

mexrization to give elastomeric products. Hexafluoro thiocoacetone

CF3- C‘— CF3; polymerizes at -110% to give a white elastomeric
product that gradu#lly depolymerizes at room temperature to
regenerate the monomer. Interestingly, the thiocarbonylfluoride,
-CE2==§ is found to be susceptible to free radical polymerization

at very low~temperatuxe5139. A redox system of trialkyl boren
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and oxygen has been used at —78°c4tp give high polymers of

C¥a=5 in bulk or in solution. The radical—generation step

for this redox system is described as follows:

2R4B
R3B + Oy —> R,BOOR —#= R,BOBRJ + RIBOR + 2R:

A variety of copolymers of vinyl compounds and CFy3=§ may be

prepared by using this initiator system.
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